Photon-correlation experiments have verified the theoretical prediction of Baltes et al. [Opt. Acta 28, 11-28 (1981)] that a phase grating hidden within a diffuse medium may be detected by correlation measurements. By extension of this theory to the space-time domain we have additionally verified that a simple and more reliable method of detecting the grating, valid for arbitrarily fine diffusers, is possible by temporal autocorrelation measurements of the scattered field at a single point. This method is shown to yield detailed information about the deterministic and stochastic features of the source and the source plane motion.
INTRODUCTION
This paper investigates the use of coherence properties in detecting the presence of a phase grating that has been obscured by an optically diffuse medium. A theoretical analysis and complete experimental verification of two detection methods involving photon correlation techniques are presented.
A recent series of theoretical papers1- 6 has shown that the spatial period of the grating may be determined in such circumstances by correlation (coherence) measurements of the scattered radiation even when a simple intensity measurement does not reveal its presence. The grating period is revealed through the existence of sharp correlation peaks that are present whenever one correlates pairs of the grating diffraction orders in the far field. 5 The width of these peaks has been estimated 7 -' 0 by using (amplitude) interferometry. The strength of these peaks as a function of diffuse scattering has also been measured by using photon-correlation techniques." 1 An extension of Baltes' analysis is made by allowing the diffuser to move with respect to the optical axis and grating. The spatiotemporal correlation function in this case is seen to be a direct generalization of Baltes' (t = 0) result. More importantly, the spatiotemporal analysis provides an entirely different and more reliable method of extracting the hidden grating period through a temporal autocorrelation measurement at a single point in the far field. The presence of the grating manifests here as a cosinusoidal modulation whose frequency is linearly proportional to the grating frequency and the diffuser velocity. The strength of the modulation depends on both the amplitude correlation length of the diffuser and the spatial period of the grating. Therefore the characteristic parameters of both deterministic and stochastic features in the compound source are easily identified by temporal autocorrelation measurements of the scattered radiation.
Previous theoretical work was phrased by using the language of coherence theory; however, we use that of speckle theory since the experiment is concerned with a scattering problem, not a source problem. It is well known1 2 
-1 4 that
there is a close analogy between speckle and coherence. In the present case the terminology of either may be used equally well.
GENERAL THEORY
Measurements are made in the far field of the grating/diffuser plane (see Fig. 1 ). Coherent illumination of the compound source produces in the far field an array of diffraction clouds centered on the grating diffraction orders. If the diffuser acts as a deep random phase screen (or scatterer), the angular intensity distribution of each diffraction (speckle) cloud is a Gaussian whose angular width is inversely proportional to the complex amplitude correlation length L characterizing the diffuser. The far-field angular displacement of the respective diffraction clouds is inversely proportional to the spatial period b characterizing the grating. The parameter L/b is then a measure of the degree of intensity overlap between these diffraction clouds. For Lib ' 0.33, the average intensity distribution will not reveal the presence of the grating, as shown in the theoretical curves of Fig. 2 .
Theoretical Model
We investigate the two-point correlation function of a timeevolving speckle intensity fluctuation produced in the far-field diffraction plane by laser illumination of a diffuse object moving with velocity v = vg + vi with respect to the optical axis and grating. The unit vectors t and f define the object plane in this notation. The diffuser is modeled as a deep random phase screen whose surface-height probability distribution is a Gaussian of standard deviation eih and has a surface-height correlation length denoted by The diffuser, is assumed to be homogeneous, i.e., spatially stationary in the statistical sense.
Using two-dimensional notation, we express the complex amplitude in the scattering plane as a product
where D. Newman and J. C. Dainty 
is the explicit time dependence of the random phase. For computational simplicity we expand the grating transmission term in a discrete Fourier series
where gn = Jn (a) is the Bessel function of the first kind with argument a (a is real and nonnegative). The correlation of complex amplitudes is defined as
where () denotes an ensemble average. 
where k = 27r/X is the laser wave number and R is the distance from the detector to the source plane. The far-field correla- 
where
and n is the bulk index of refraction within the diffuse medium. 
Equation (4) now separates into four closed Fourier integrals, and a straightforward calculation shows that
where Xl + X 2 sin 0l + sin 0 2 2R 2 and XI-X 2 0n = x sin 01-sin 0 2 R are the angular sum and difference coordinates, sin 00 = X/b is the first grating diffraction order, and we concern ourselves here only with correlation measurements along the far-field x axis; hence yi = Y2 = 0-Photon-correlation experiments do not measure F directly;
rather they are capable of measuring a related quantity, the correlation of intensity fluctuation, whose normalized form in one-dimensional notation is
t).
If L/a << 1, the far-field speckle has Gaussian statistics so that the intensity and amplitude correlations are simply related:
IPr(xi xI, 0)H (X 2 , X 2 , 0)I (10) where Y(X1, X 2 , r) is commonly termed the complex degree of coherence and satisfies 0 < I -y I < 1 by virtue of the Schwarz inequality.
EXPERIMENTAL PROCEDURE
The experimental setup is shown in Fig A series of diffusers was produced in photo resist. Multiple exposure of these plates to different speckle patterns and subsequent development yields an optically rough surface whose surface-height probability distribution is approximately Gaussian.16, 17 The standard deviation aoh of this distribution and the surface-height correlation length 1 h of each diffuser are measured by using a Dektak profilometer (mechanical stylus device). The resulting value of the complex amplitude correlation length L is then determined for a particular wavelength by Eq. (5) The experimental error associated with a is less than 5%, whereas the error in measurement of the amplitude correlation length L is in the 5-10% range.
A precise estimate of the spatial cross-correlation peak value in the antisymmetric scan is made difficult because of the sharpness of this peak, as shown experimentally in Fig. 3 .
Great care was taken in aligning the detectors, and measurements were repeated on several occasions with consistent results. The sharpness of this peak may be appreciated by considering our arrangement. For a laser beam width of 2a _ 0.66 mm and wavelength X _ 633 nm, the angular width of this peak has a predicted value 5 of 1/ha _ 3 X 10-4 rad. For R = 2 m, a 0.1-mm alignment error yields only 90% of the true correlation peak, and this peak vanishes whenever the net alignment error exceeds a speckle diameter, which in our case is approximately 2 mm.
The diffuser translation was effected by a continuous Experimental values for the modulation strength of the beats in the autocorrelation function were made with a pencil and a ruler after obtaining a hard copy of the correlator output. It would not be difficult to measure these quantities electronically as the correlation function is being processed. This would reduce the total measurement time to a few seconds and therefore might be practical as an informationcoding scheme.
SPATIAL CORRELATION AT ZERO TIME DELAY
For zero time delay, T = 0, the complex degree of coherence, or normalized amplitude correlation function, is given from Eq. (8) The minus on Ig 12 arises from the fact that J-n (a) = (-1) Jn (a) and has the physical interpretation here that the +1 diffraction orders are antiphased. We see that j1y(0, (14) and I y(0, 2X/b) I -0 for Lib -0, which is the extreme incoherent limit. A plot of the normalized correlation of intensities in the antisymmetric scan Iy(0, 2X/b) 12 against the parameter L/b is shown in Fig. 4 . The experimental agreement is seen to be excellent. Note that, for Lib $ 0.33, the far-field intensity distribution is completely diffuse (see Fig. 2 ), whereas correlation measurements reveal the presence of the grating for all L/b > 0.15. Hence there is a small but important range of values 0.15 < Lib < 0.33 for which correlation measurements detect the presence of the grating even when simple intensity measurements would fail, i.e., when the intensity information is hidden in speckle noise. It should be stressed here that the curve in Fig. 4 depends critically on the Fourier coefficients gn of the grating. The range of values of Lib for which the hidden periodicity may be revealed by either correlation measurements or interferometry 9 will then depend on the particular choice of phase grating and must be evaluated from Eq. (11) in each case. An example of this effect using a lamellar phase grating that nullifies the even diffraction orders was worked out theoretically by Baltes 5 and has similar characteristics to our case. In principle, an amplitude interferometry experiment will yield a larger range of values for which the coherence effect is noticeable because interferometry measures -y directly, whereas photon correlation experiments measure |y 1 2. No detailed experiment along these lines has yet been reported.
SPATIOTEMPORAL CORRELATION FUNCTION
Our experiment is capable of measuring the spatiotemporal correlation function of dynamic speckle intensity fluctuations.
We therefore present the time-dependent features of this quantity here. The normalized correlation of intensity fluctuations is defined by |°s, a, T) (13 
where s sin 0 defines the detection location on the far-field x axis. We now restrict our attention to the case -A/b < s < A/b. That is, we consider an autocorrelation at any point along the far-field x axis that lies within the +1 grating diffraction orders. The results obtained are, in fact, quite general, and this merely serves as an illustration of the spatiotemporal behavior in a particular spatial domain. Recollecting that for our case 19oI >> 11 >> 1g 2 ,.... etc., it is clear by inspection of Eq. (17) that only the terms n = 0, ± 1 contribute significantly whenever -1 < K < 1 and Lib > 0.05 (i.e., q 2 > 0.05). With the above restrictions in mind, a little algebra shows that
and the explicit definitions of each are self-evident from Eq. 
is the normalization as a function of K and q.
Careful manipulation of Eq. (17) shows that the inclusion of higher-order terms again introduces cosinusoidal modulation whose frequencies are integral multiples of oo. Because of exponential damping and the Fourier coefficients gn, however, all such terms are small corrections and may be safely dropped in this case.
Equation (18) therefore incorporates all the relevant dynamic features of the spatiotemporal autocorrelation measurements in our experiment and has some interesting fea- is entirely independent of the detector location. The detector location K and the overlap parameter q along with the Fourier coefficients gn determine the strength of the modulation that we define here as
this being a measure of the relative amplitude strength of the cosinusoidal modulation. portional to the total diffuser velocity (lov 2 + IV1
2 )"/ 2 . For our experimental parameters a and b, it was necessary to have ut < v, whenever the full Gaussian envelope was to be observed with fewer than 10 full periods of modulation. We are limited here by the 128 channels of correlation data in our resolution. Figure 6 shows autocorrelation data for a pure translational diffuser velocity Ivj = v , vu = 0 and confirms our analysis that the modulation frequency varies as vtb to a high degree of accuracy. and periodic in the & direction. Whenever Lb << 1 the instantaneous random phase associated with a particular diffuser element has added to it a periodic component that is due to the grating. This gives rise in the far field to a strong cosinusoidal modulation of period bovu. As L increases, the diffuser element still has a periodic component added to it; however, the strength of the component is now smaller since it is the value of the phase of the grating averaged over a distance L; thus the modulation disappears as Lib -a.
PHYSICAL ORIGINS OF THE
The Gaussian envelope of width to = 2a/1vI is a wellknown' 8 property of dynamic speckle-intensity correlation measurements. It may be understood in a somewhat elementary way as the time taken for a speckle in the far field to evolve into an essentially new speckle with no memory of its previous configuration. The speckle field evolves because of the motion of the diffuser with respect to the laser beam. After a translation of a laser beam width (2a), the diffraction field is formed by an entirely different set of scatters; hence the decorrelation time of each speckle in the far field is approximately 2a/ vI.
It is instructive to view the spatial cross-correlation peak in the antisymmetric scan and its associated width in terms of speckle phenomena. Our experiment measures the normalized correlation of speckle intensity fluctuations, and this has a value of one for an autocorrelation. Figure 4 shows that the normalized cross correlation is also equal to 1 when one is correlating the ±1 diffraction orders and L/b I 1. As shown in Fig. 2 , whenever L/b > 1, the diffraction field consists of identical and well-separated speckle patterns whose intensities at the ±1 diffraction orders are identical because of the choice of grating. Correlating the +1 diffraction orders then yields the same result as an autocorrelation of either of these since the detectors are fixed on essentially the same speckle of identical intensity. As Lib is reduced, the neighboring speckle patterns overlap the L1 diffraction orders. The correlation peak therefore decreases as the far field becomes more diffuse, i.e., the signal-to-noise ratio is reduced.
The spatial width of this peak has a measured value of Ax = 21/ha (see Fig. 3 ), which is approximately a speckle diameter. Whenever the net alignment error of the detectors exceeds a speckle diameter, the detectors are fixed on two different speckles; hence the correlation peak must vanish.
CONCLUSIONS
We have verified experimentally that the presence of a sinusoidal phase grating of period b hidden behind a diffuser of correlation length L can be revealed by measurements of the spatial-intensity cross correlation of the scattered field, confirming the theories presented in Refs. 1-6. By extension of this theory to the space-time domain, we have confirmed our own analysis that the hidden periodicity of the grating is more easily measured by a temporal autocorrelation of the dynamic speckle field. The presence of the grating in this case manifests itself as a cosinusoidal modulation within a Gaussian envelope. The period of this modulation is inversely proportional to the spatial period b of the grating. It has been verified that this effect is easily measured for highly diffuse fields (Lib << 1) by using a single detector with minimal demands on the spatial orientation of the detector, in contrast to the spatial cross-correlation method.
